Glucagon is a protein substance in pancreatic extracts which raises blood glucose by stimulating hepatic glycogenolysis (1-3). For this reason, it has been termed the hyperglycemic glycogenolytic factor (HGF) of the pancreas. Sutherland and Cori (2) have shown that glucagon increases the concentration of active phosphorylase in liver slice preparations. Apparently, glucagon administration does not induce glycogenolysis in muscle (4, 5).
Glucagon is a protein substance in pancreatic extracts which raises blood glucose by stimulating hepatic glycogenolysis (1) (2) (3) . For this reason, it has been termed the hyperglycemic glycogenolytic factor (HGF) of the pancreas. Sutherland and Cori (2) have shown that glucagon increases the concentration of active phosphorylase in liver slice preparations. Apparently, glucagon administration does not induce glycogenolysis in muscle (4, 5) .
Whether glucagon has an effect on extrahepatic utilization of glucose is still a matter of controversy. Drury, Wick, and Sherrill (6) have reported that the rate of uptake of C'4-labeled glucose by eviscerated-nephrectomized rabbits actually decreases when glucagon is administered to such animals. On the other hand, Root, Ellis, and Staub (7) , using intact rabbits and mice, have demonstrated that the presence of glucagon in insulin solutions in ratios of from 1: 100 to 1: 1 does not influence the degree of hypoglycemia produced by insulin and does not alter the potency of the insulin preparation as determined by the mouse convulsion assay. Ingle, Nezamis, and Humphrey (8) were unable to demonstrate any influence of glucagon upon extrahepatic glucose utilization in eviscerated rats. Using peripheral arteriovenous glucose differences as an index of peripheral glucose utilization in healthy human subjects, Van Itallie, Morgan, and Dotti (9) have found that glucagon does not inhibit and may accelerate uptake of glucose by peripheral tissues.
It has been known for many years that the diseased liver usually does not contain a normal quantity of glycogen. Brill and Fitz-Hugh (10) and Loeb, Reeves, and Glasier (11) reported that the hyperglycemic response to a standard dose of epinephrine in patients with hepatic disease is well below normal. However, injection of epinephrine has serious disadvantages as a means of estimating liver glycogen content. In doses needed to produce a maximal hyperglycemic response (1.0 mg. or more), epinephrine administration frequently is associated with such side effects as headache, dizziness, and palpitation. Cardiac arrhythmias and cerebral hemorrhage, although rare complications, have occurred following epinephrine injection (12) . Because of its potential toxicity epinephrine is almost always administered subcutaneously or intramuscularly, and the rate at which it enters the circulation from such sites is necessarily variable. Thus, the time at which its maximal hyperglycemic effect can be measured is uncertain.
In contrast, glucagon exerts a more potent glycogenolytic effect on liver, on a molecular basis, than does epinephrine (13) , and is without reported toxic side effects, even when administered intravenously in large amounts. Because of these apparent advantages of glucagon over epinephrine, an attempt has been made to determine whether glucagon-induced hyperglycemia constitutes a potentially useful index of liver function.
PROCEDURE
Ten healthy graduate students and eight patients with severe parenchymal liver disease served as subjects. All In the normal subjects, control capillary and venous blood samples were obtained virtually simultaneously immediately prior to glucagon administration, at the end of glucagon infusion, and at 25-minute intervals for approximately 75 minutes thereafter. In patients with liver disease the same schedule was followed except that capillary blood samples were not taken.
On a second occasion, the experimental procedure was repeated in all normal subjects and patients except that synthetic epinephrine (Suprarenin®) 6 For three days prior to each experiment, each subject was kept on a diet providing at least 250 gm. of carbohydrate per day (15) . Glucose in whole blood was measured by the method of Somogyi (16, 17) , as modified by Nelson (18) . Venous blood samples were obtained with a minimum of stasis from an antecubital vein, and almost simultaneously, capillary blood (which has the 5 Later studies have shown that prolonged injection of glucagon is not necessary. Comparable hyperglycemic responses can be induced when the same amount of glucagon diluted in 10 ml. saline is injected rapidly by syringe.
6 Supplied through the courtesy of Dr. A. Scribner, Winthrop-Stearns, Inc., New York, New York. same glucose concentration as arterial blood [19, 20] ) was collected by direct pipetting from a finger tip of the same extremity after cutaneous puncture. Determinations were done in duplicate on 0.2 ml. samples.
To permit comparison of peripheral glucose uptakes in the presence of differing capillary glucose levels, relative assimilation indexes (R.A.I.) were calculated for each experiment in which capillary-venous glucose differences were measured, according to the formula of Somogyi (21) (Negative increments and their corresponding C-V differences were omitted from the calculations and negative C-V differences associated with positive increments were assigned a value of zero.) RESULTS A typical hyperglycemic response to intravenous glucagon in a normal subject is shown in part A of Figure 1 . The capillary and venous glucose values rise rapidly during glucagon infusion and fall rapidly after the end of glucagon administration to levels below initial, control values. Appreciable capillary-venous (C-V) differences are maintained on the falling segment of the curve, indicating removal of glucose by peripheral tissues.
In part B of Figure 1 is shown the modification of the capillary-venous glucose pattern which occurs when 0.003 mg. per Kg. synthetic epinephrine is administered subcutaneously 10 minutes prior to intravenous administration of the same quantity of glucagon to the same subject for approximately the same time interval. In this instance, the glucagon-induced hyperglycemia is augmented and the venous and capillary glucose levels at all points of the curve are close together.
In part C of Figure 1 is shown the hyperglycemic response of the same individual to 0.003 mg. per Kg. synthetic epinephrine given subcutaneously. Capillary-venous glucose differences remain negligible throughout.
Capillary and venous increments over control values in the normal subjects following administration of (a) glucagon alone, (b) epinephrine and glucagon together, and (c) epinephrine alone, are given in Table II . The relative assimilation indexes (R.A.I.) calculated for each subject are also in Table II .
Comparison of the means of the relative assimi- lation indexes shows that epinephrine administration, either alone or in combination with glucagon is associated with a significantly lower index of glucose assimilation than that which occurs when glucagon alone is administered (p < 0.01).
Venous increments over control values in the patients with liver disease following administration of (a) glucagon, and (b) glucagon and epinephrine conjointly, are given in Table III . In contrast to the findings in the normal subjects, use of epinephrine in conjunction with glucagon in the patients with liver disease does not result in a greater mean rise in blood glucose than that induced by glucagon administration alone.
In Figure 2 , the means of the hyperglycemic responses (venous blood) to glucagon alone of the normal subjects and of the patients with liver diseases are compared. The configuration of the curve representing the mean response of the normal group is similar to that displayed by the single normal subject depicted in Figure 1A . Again, the appreciable secondary hypoglycemia following the hyperglycemic phase is evident. Figure 3 . By this modification of the procedure, the overlap between the patients with liver disease and the normal subjects has been eliminated and the difference between the responses of the two groups becomes striking.
When glucagon alone is administered ( Figure  2 ) the difference between the means of the responses (venous blood glucose) of normal subjects and patients with hepatic disease enters the 0.01 range of statistical significance only at one point, 50 minutes after cessation of glucagon infusion. When glucagon and epinephrine are administered together ( Figure 3 ) the differences between the normal group and the liver-disease group at the end of the glucagon infusion and at the peak of the curve are of a high order of statistical significance (p < 0.001). Figure 1A and Table II indicates that during and immediately after glucagon administration extrahepatic utilization of the released glucose is continuing at a rapid rate. Hence, it is difficult by means of isolated determinations of venous glucose values to know whether the observed glycemic level is low in a given instance because of rapid glucose uptake by peripheral cells, or because the ability of the liver to store or release glycogen is impaired.7 Although more information about these alternative possibilities can be gained from simultaneous determination of capillary and venous glucose in an extremity, serial measurements of both capillary and venous glucose levels are not feasible as a routine clinical procedure. 7 It is possible that in the cirrhotic liver vascular shunts (22) Comparison of the hyperglycemic responses to glucagon of normal subjects and liver patients (Figure 2 and Tables II and III) indicates that although the mean curves of the two groups differ in pattern, the differences between the means approach statistical significance only at two points. In view of the severity of the liver damage in the patient group such differences cannot be regarded as satisfactory since patients with moderate or minimal hepatic disease could be expected to show even less distinctive responses to glucagon. Hence, glucagon-induced hyperglycemia, as such, does not appear to be a useful index of liver function.
The peripheral uptake studies performed on the normal subjects during and after glucagon administration indicate that the venous glucose values which occur during the hyperglycemic phase of the response to glucagon represent a resultant of two activities taking place simultaneously. These are (a) release of glucose from the liver, and (b) uptake of glucose by extrahepatic cells. Previous studies by the Coris (23), and others (21, 24, 25) , have suggested that epinephrine acts to inhibit glucose uptake by peripheral cells. Hence, in a second series of experiments, epinephrine was administered in conjunction with glucagon to determine whether, by this means, the complicating variable of peripheral glucose utilization might be minimized. That this was accomplished is indicated by the greatly diminished relative assimilation indexes associated with administration of epinephrine along with glucagon (Table II) . The modifying effect of epinephrine upon the pattern of C-V differences of glucagon-induced hyperglycemia is shown in part B of Figure 1 .8 8 If, as postulated, epinephrine has an inhibitory effect on peripheral utilization of glucose, one would expect that the hyperglycemic peaks obtained in normal subjects when glucagon and epinephrine are given together would be higher than could be accounted for by simple addition of the hyperglycemic responses of the same subjects to glucagon and epinephrine individually. (Even the assumption that there is an additive effect may be unwarranted [2] .) Actually, in five of the six normal subjects whose responses to glucagon alone, glucagon and epinephrine together and epinephrine alone were
Comparison of the normal and liver-disease groups in terms of their responses to the glucagon and epinephrine combination (Figure 3 ) discloses differences between the two sets of means which attain a high order of statistical significance at the end of glucagon infusion and at the peak of the curve. Thus, administration of a small (nontoxic) dose of epinephrine along with glucagon reduces the modifying effect of peripheral utilization upon the venous and capillary glucose levels and permits a far better distinction to be made between the response to glucagon of normal subjects and patients with liver disease.
Although glucagon-induced hyperglycemia per se is clearly not a satisfactory index of liver function, measurement of the peripheral hyperglycemia induced by a combination of epinephrine and glucagon appears to be the best clinical method available (short of hepatic vein catheterization) for estimating the ability of the liver to store and release glycogen. Therefore, it has potential value as a test of liver function. Loeb, Reeves, and Glasier (11) have pointed out the lack of specificity of the hyperglycemic response to epinephrine, noting that patients with such "non-hepatic" disorders as carcinoma of the pancreas and diabetes mellitus also display an abnormally low rise in blood glucose following epinephrine administration. However, these authors did not record carbohydrate intakes prior to the time the epinephrine test was performed. Control of this dietary factor presumably would enhance specificity of the hyperglycemic response induced by such agents as epinephrine and glucagon.
Whether glucagon-epinephrine hyperglycemia will provide useful information about liver function which is not readily obtainable by means of existing tests now in wide use can be determined only after prolonged and detailed comparative studies.
SUMMARY AND CONCLUSIONS
Highly purified glucagon was administered intravenously to ten normal subjects and eight pastudied, the glucagon-epinephrine-induced hyperglycemia was higher, usually by a considerable margin, than the sum of the hyperglycemias, respectively, induced by epinephrine alone and glucagon alone. This finding provides further support for the view that epinephrine has an inhibitory effect on peripheral glucose utilization. tients with parenchymal liver disease. Blood glucose levels were measured before, during, and after glucagon infusion. On a second occasion, the experimental procedure was repeated in the same normal subjects and patients except that a small quantity of epinephrine was administered subcutaneously 10 minutes prior to glucagon infusion. On a third occasion, the effect of the same quantity of epinephrine alone on capillary and venous glucose levels in six of the normal subjects was determined.
Although the curves representing the mean hyperglycemic response (venous) of the two groups to glucagon alone differed appreciably in configuration, the standard deviations of the individual means showed considerable overlap. Accordingly, it is believed that glucagon-induced hyperglycemia per se has little value as an index of liver function.
When epinephrine was administered prior to glucagon infusion in an attempt to minimize the complicating effect of extrahepatic glucose removal on venous glucose levels, the overlap between the responses of the normal subjects and the patients with hepatic disease was removed and the difference between the two groups became striking.
Thus, it appears that glucagon-epinephrine-induced hyperglycemia has potential value as an index of one aspect of liver function.
